In the past, suggested transformations of Farnsworth -Munsell 100-Hue Test (FM 100-Hue) test scores distributions have been limited to a square root transformation. In this study, the choice of transformations of total error scores (TES) are considered by identifying a possible source of skewness. Several distributions of FM100-Hue Test TES were assessed for skewness (third moment). The error score (ES) distributions for the 85 individual caps in each of the populations were also analysed for skewness (Figs. 3 and 4) . There is no single transformation which will normalise all TES distributions. The single cap ES distributions with low mean ES (such as those achieved normals and, for some regions of the test, by anomalous trichromats and dichromats) are symmetrical because most subjects can organise the cap perfectly (and could do even better given smaller colour differences). The distributions of ESs where the mean ES is in the moderate range (such as those achieved by diabetics) are skewed because some ESs at the lower end of the range represent performance which could also be better than the test allows. ES distributions with a high mean (such as random distributions and some regions of the test by congenital dichromats) are symmetrical being unaffected by the limitations of the test. TES distributions of diabetics are asymmetrical and comprise skewed cap ES distributions. A suggestion for a transformation is made.
Introduction
There have been at least 17 papers dealing with computerised scoring of the Farnsworth -Munsell 100-Hue Test (FM100). Some (starting with Buisson [1] and Heitz et al. [2] ) dealt only with reducing the tedium of scoring the test and others (starting with Robertson and Moreland [3] ) were designed to assist in the identification of polarity in the plotted result. The assessment of total error scores (TES) has, on the other hand, received scant attention. Kinnear [4] showed that the distribution of TESs of diabetics were not Gaussian and proposed the use of the square root transformation. This was adopted from the beginning in important papers by Aspinall [5] and Verriest et al. [6] , despite the original author's cautionary note about its universal adoption. The use of parametric statistics requires an assumption of a Gaussian or near-Gaussian distribution and transformations are aimed at achieving this.
Obtaining data
FM100-Hue plots were obtained in three patient groups. Data on 60 congenital dichromats were obtained from the records of the Colour Vision Clinic at the University of New South Wales. The subjects were diagnosed as dichromats since they accepted a whole range match (red-green settings 0-72) on the Nagel Anomaloscope MK 1. This included their still accepting matches made with unlimited viewing time when reassessed after 30 s adaptation using the Trendelenberg plate on the front of the anomaloscope. This procedure ensures exclusion of extreme anomalous trichromats. Data on 200 diabetics were obtained from the records at The City University Clinic and 2048 (2 11 ) random arrangements were computed using a microcomputer. Random arrangements of the FM100 were calculated by a process in which the first cap in a box was selected from the available caps using a random number generator, the next cap was selected in the same way from the remaining available caps, and so on until all the 22 or 21 caps in a box had been selected. Fig. 1 shows the TES distributions of the 60 congenital dichromats. The distributions are not significantly different from a normal distribution ( 2 goodness-of-fit, P\ 0.05). The distribution of TESs is symmetrical (moment coefficient of skewness a 3 B0.1) and not significantly different from a normal distribution ( 2 goodness-of-fit, P \0.05). This illustrates that Kinnear's idea that larger errors are over penalised in the scoring process is unlikely. On the other hand, in Fig. 2 are shown the TES distributions of 200 unselected diabetics. The untransformed distribution is clearly skewed (a 3 = 1.52) (the moment coefficient of skewness is defined in an appendix) and this skewness is not abolished by using the square root transformation (a 3 =0.74) but a log 10 transformation provides an unskewed distribution (a 3 =0.12). In addition, a cube root transformation leaves an asymmetrical distribution (a 3 =0.52) while the fourth root provides an alternative symmetrical distribution (a 3 =0.08) which is as appropriate to use as the log 10 transformation. As far as possible, ten cells were used for the data but in some cases ten or 12 cells were unavoidable. The limits of the graph have been set by the limits of the data distribution rather than by locating the mode at the centre of each plot.. This means that the 10th and 90th percentiles are consistent between graphs in the same figure rather than the mode, which moves in the different transformations.
Results

Discussion
The choice of transformation is, to some extent, arbitrary, and may change from one population to another. It would be useful to establish a single transformation which provides a symmetrical distribution and which is universally applicable. Such a transformation would best arise from an understanding of the cause(s) of skewness. Kinnear's suggestion was that large errors are over-penalised thus extending the distribution at the high end.
It must first be assumed that the distribution is of a single group. If it comprised two or more sub-groups, then any transformation to enforce skewness is inappropriate. It is suggested that the skewness arises because perfect performance (error score (ES)=0) represents a limitation to the results. In a section of the test where performance is poor and the ESs are high, this limitation may not be significant and the ESs assume a symmetrical distribution. The distribution of random scores is symmetrical since a perfect score is achieved on only 0.00001% of occasions as is the maximum TES (1804) i.e. there is no artificial limitation imposed by the test design. The higher the mean ES for a cap, the less likely a distribution is skewed. This is represented in Fig. 3 where the relationship for congenital dichromats is shown. Symmetrical TES distribu- tions by congenital dichromats are provided by symmetrical ES distributions in the high ES caps. To illustrate this, for protanopes, caps with a mean ES ] 3 have less skewed distributions (a 3 B0.1) and contribute 62% of the TES. Similarly for deuteranopes, 71% of the TES is contributed by the 33% of caps with mean ESs ]3. On the other hand, the same data for the diabetics is represented in Fig. 4 . The skewness in the ES distributions is greater than for the dichromats and is unrelated to mean ES (P = −0.026, P \0.05). The TESs of diabetics have contributions from only skewed ES distributions. While it is not axiomatic that a compilation of 85 skewed distributions must give rise to a skewed TES distribution, at this stage it should be accepted as strong circumstantial evidence. Further analyses are planned.
Suggested method of transformation
Having established that skewness in TES distributions has some association with skewness in ES distributions, it is logical to proceed to a rank transformation based in dealing with skewness at its alleged source.
(1) Establish ES distribution for each cap (2) Identify median and quartiles, interpolating if necessary (3) Transform each ES to zero if5 25th percentile one if\ 25th percentile and5 median two if\ median and5 75th percentile three if\ 75th percentile (4) Calculate frequency distribution and mean Where larger subject numbers are available, more steps in the scale will be possible.
This provides a symmetrical distribution of consistent characteristics, mean= 127.5 (1.5 × 85), S.D. = 57.3, min=0 and max= 255 (3× 85).
The transformed distribution is represented in Fig. 5 and can be seen as symmetrical. The landmarks of each transformation are shown in Table 1 . It can be seen that the log 10 , fourth root and the proposed rank transformation are by far the better determinants of the distribution and the proposed method exhibits the best fit to the expected as shown by the goodness-of-fit statistic. In a clinical environment the accurate identification of outliers, beyond the 95th and 99th percentiles is the salient point.
The relationship between untransformed score and rank transformed score in the proposed system is not a simple relationship. In Fig. 6 the relationship is demonstrated. Identical or similar untransformed scores may not give identical or similar transformed scores so that The landmark values are derived by assuming that the mean and standards deviation (|) are appropriate measures. Each is expressed as untransformed TES.
working back from transformed to untransformed can only be achieved by approximation. It is also interesting that, while the process is aimed at compensating for restrictions in assessing very good performance, the apparent effect is to foreshorten the high TESs. The second disadvantage is that it requires a significant size population. With very large populations, e.g. 1000, it would be possible to adopt decile steps and accurately locate the 1st and 99th percentiles.
